In the past 5 years, hybrid halide perovskites have emerged as a class of highly efficient photovoltaic (PV) absorbers, with excellent electronic properties and low cost synthesis routes. Unfortunately, despite much research effort, their long-term stability is poor and presents a major obstacle toward commercialisation. The layered perovskite (CH 3 NH 3 ) 2 Pb(SCN) 2 I 2 (MAPSI) has recently been identified as a promising PV candidate material due to its enhanced stability and favourable electronic properties.
Introduction
The emergence of CH 3 NH 3 PbI 3 (MAPI) in 2009 sparked an explosion of interest into lead-halide perovskites as efficient, cheap, and easy to manufacture solar absorbers. [1] [2] [3] The excitement surrounding the lead-halide perovskites stems from their rapid and seemingly inexorable rise in power conversion efficiencies (PCEs)-from 4% to 22% in just 6 years. 4 Indeed, MAPI can be viewed as an overnight success compared to other absorber technologies, which have required several decades' development to achieve comparable efficiencies. This intense progress has been enabled by an exceptional combination of electronic and photophysical properties, such as an ideal band gap of 1.55 eV, 5 strong optical absorption, small exciton binding energies, 6 ambipolar charge transport, [7] [8] [9] [10] and high defect tolerance.
11 Furthermore, the ability of inexpensive solutionprocessing methods to produce high-quality thin lms enables facile fabrication scale-up through roll-to-roll printing.
12-14
Despite signicant progress in optimising device architectures and deposition conditions, poor long-term stability remains a major roadblock in the commercialisation of leadhalide perovskites. 1, 15 While device encapsulation should prevent decomposition by air and moisture, hybrid perovskites have been shown to degrade when exposed to moderate heat or even prolonged illumination. [16] [17] [18] Recently, several studies, both theoretical and experimental, have indicated that MAPI is intrinsically unstable with respect to phase separation into PbI 2 and CH 3 NH 3 I 3 , due to its small formation energy. [19] [20] [21] [22] Attempts to nd novel compositions with enhanced stabilities have met with little success, in part due to the limited number of potential cations capable of replacing methylammonium (MA) in the perovskite structure. 23, 24 A recently revised tolerance factor, taking into account the increased covalency seen in some metal-halide bonds, suggests that only a handful of hybrid perovskites remain to be discovered, with most expected to show unsuitable electronic properties for photovoltaic applications. 25 Such studies highlight the pressing need to move beyond the cubic perovskite motif if alternative schemes to improve stability are to be developed.
4,26
Layered hybrid perovskites-which can be formed when the organic cation is too bulky to t within the perovskite cagehave attracted attention due to their enhanced moisture stability. 4, 27, 28 Despite impressive advances in their efficiencies, with 15.3% reached in 2016, 29 layered perovskites typically possess relatively large band gaps in the range 2.6-2.9 eV and high exciton binding energies around 300 meV. 30, 31 Recently, partial substitution of iodide with thiocyanate (SCN) to form (CH 3 NH 3 ) 2 Pb(SCN) 2 I 2 (MAPSI) has been proposed as an alternative route to improved chemical stability, 22, 32 with device efficiencies up to 8.3% reported for mixed MAPSI/MAPI cells.
There have been conicting reports as to the magnitude of MAPSI's optical band gap: initial studies indicated a direct optical gap of 1.57 eV, 34, 35 however, work by Xiao et al. showed thin lms with indirect and direct optical band gaps of 2.04 eV and 2.11 eV, respectively. 36 A recent paper by Umeyama et al. further reported a larger band gap for MAPSI, nding a red-toblack piezochromic response upon compression (2.6 GPa).
37
While the exact nature of this disparity has yet to be resolved, it has been suggested that contamination of MAPSI thin lms with small concentrations of MAPI may be a factor. Alternatively, Younts et al. have demonstrated highly efficient triplet state formation in MAPSI, with phosphorescence over 47 times more intense than band gap uorescence. 38 This triplet peak occurs at 1.64 eV and helps to explain some of the previous photoluminescence results that have obfuscated band gap determination. 33 Regardless, a band gap of $2.1 eV and exciton binding energies less than 200 meV (ref. 37) are unusual for 2D perovskites and make MAPSI a compound of interest for a top cell absorber in tandem devices, where perovskite/silicon cells have recently reached efficiencies of 23.6%.
39
Recent theoretical research into the electronic structure of MAPSI has revealed many similarities to the electronic structure of MAPI. 22, 36, 40 MAPSI possesses small effective masses of both holes (0.20m 0 ) and electrons (0.14m 0 ) for directions parallel to the perovskite sheets, thereby promoting high carrier mobilities in these directions. 22 Furthermore, Rashba splitting in the lower conduction band, and to a lesser extent in the upper valence band, results in the formation of a spin-split indirect gap, which has recently been implicated in reducing radiative recombination by a factor of over 350 in MAPI. 41, 42 Defect calculations have revealed that the Fermi level of MAPSI is highly tunable based on synthesis conditions, with a lead poor/iodine rich environment desirable to produce p-type samples dominated by shallow defects. 40 The conrmation of MAPSI as a suitable absorber material for photovoltaic top cells opens up some fundamental questions. Similarly to the ABX 3 structured perovskites, which can be tuned on the A, B and X sites, 43 can MAPSI also function as a parent compound to a range of analogues possessing the same structural motif? Chemically, it should be viable to replace Pb with other 2+ cations such as Sn, I with Cl and Br, and SCN with other pseudohalides such as OCN and SeCN. Indeed, Sn 2+ has recently been described as the "chameleon" of the p-block elements, based on its versatility in forming new structure types. 44 In this report we therefore look beyond MAPSI to consider a total of 17 analogue compounds, comprising all possible compositions of (CH 3 NH 3 ) 2 MPs 2 X 2 (where M ¼ Sn, Pb; Ps ¼ OCN, SCN, SeCN; and X ¼ Cl, Br, I). Relativistic hybrid density functional theory (DFT) is used to assess these analogues for their fundamental solar absorber properties, including band structures and effective masses. Band alignment calculations indicate that hole and electron contact materials commonly used in devices containing the cubic perovskites should still perform well, despite a decrease in ionisation potential and electron affinity. Lastly, defect calculations reveal that most intrinsic vacancy defects possess relatively shallow transition levels that should not participate in trap-assisted recombination.
Computational methodology
All calculations were carried out in the framework of density functional theory, using the Vienna Ab initio Simulation Package (VASP), [45] [46] [47] [48] with the projector augmented-wave (PAW) method used to describe the interactions between core and valence electrons. 49 For the 50 atom unit cell of (CH 3 NH 3 ) 2 M(Ps) 2 X 2 , a kpoint sampling of G-centred 1 Â 4 Â 4 was necessary to achieve convergence to 1 meV per atom. The plane wave cut-off was converged to within 10 meV per atom, with a cut-off energy of 400 eV found to be sufficient. During geometry optimisation, the plane wave cut-off was raised to 520 eV to prevent basis set errors resulting in Pulay stress. 50 The structures were considered converged when all forces totalled less than 10 meVÅ
À1
. Geometry relaxations were performed using the PBEsol functional, 51 a version of the Perdew Burke and Ernzerhof (PBE) functional 52 revised for solids. PBEsol has been shown to accurately reproduce the structure parameters of many materials containing weak dispersive interactions (as present across the layers in MAPSI), without requiring an additional dispersion correction.
53,54
Due to the propensity for functionals based on the generalised gradient approximation (GGA) to severely underestimate band gaps, the Heyd-Scuseria-Ernzerhof hybrid functional (HSE06) was employed. 55, 56 Furthermore, explicit treatment of spin orbit coupling (SOC) effects is essential to account for the relativistic effects seen in the Sn, Pb, and I p orbitals. 57, 58 This combination of HSE06 with SOC has been shown to provide an accurate description of the electronic structures for many bismuth and lead containing solar absorbers and was therefore used during density of states and band structure calculations. [59] [60] [61] [62] The Brillouin zone for the Pnm2 1 space group, illustrating the relevant high symmetry points, is provided in Fig. S1 of the ESI. † Dielectric constants were calculated using the PBEsol functional using density functional perturbation theory (DFPT), 63 with a denser k-point mesh of G-centred 3 Â 6 Â 6 necessary to reach convergence.
In order to align the electronic eigenvalues to the vacuum level-and thus calculate ionisation potentials and electron affinities-a slab model was constructed containing 30Å of vacuum and a 25Å slab. The MacroDensity package was used to extract and plot the corresponding Hartree potential along the c-direction.
64-66 The reference for the vacuum level was taken as the energy of the potential at the plateau of the potential. Whilst HSE06 + SOC is known to provide accurate ionisation potentials for other lead and bismuth based absorbers, its use in this report was untenable due to the large size of the slab model employed.
67 Slab calculations were instead performed using the HSE06 functional with an explicit correction for the band gap and VBM energy taken from the bulk, calculated using HSE06 + SOC. The (100) surface was chosen as it resulted in a non-polar, low energy termination due to the absence of any dangling bonds.
Defects were calculated in a 1 Â 3 Â 3 (450 atom) supercell using the PBEsol functional. Several corrections were applied, including a correction to account for potential alignment mismatch between the host and defective supercell. 68 The introduction of a defect in nite periodic repeating image causes an impurity-impurity interaction resulting in the formation of a defect band. 68, 69 If this band hybridises with a conduction or valence band in the material, a band lling correction, E bf , is necessary to resolve the effects of erroneous band dispersion and band lling on the total energy.
68
Furthermore, a correction for charged defects, E icc , is required due to the slow decay of coulombic interactions with distance, causing spurious interactions between defect charge sites in neighbouring cells. 70 We have used the formalism developed by Murphy et al., which properly accounts for any anisotropy in the dielectric properties of the system. 71 The thermodynamic transition level, 3(D, q/q 0 )-i.e. the energy at which the charge state of defect, D, spontaneously transforms from q 4 q 0 -was calculated according to:
3 Results and discussion
The starting point for all geometry relaxations was the experimental structure of (CH 3 NH 3 ) 2 Pb(SCN) 2 I 2 relaxed using PBEsol. For each composition of (CH 3 NH 3 ) 2 MPs 2 X 2 (where M ¼ Sn, Pb; Ps ¼ OCN, SCN, SeCN; and X ¼ Cl, Br, I) the appropriate elements were substituted into the structure, before a PBEsol geometry optimisation was performed. As all replacement elements are isoelectronic with their counterparts, the geometric structure was expected to remain relatively unperturbed. Indeed, all compounds retained the orthorhombic Pnm2 1 space group of MAPSI, 34 with only subtle distortions of the local bonding observed (the relaxed structures for all analogues are provided in an online repository). 
Stabilities
To test the of stability of these materials, we have calculated the enthalpy of decomposition for several routes, analogous to those considered previously for MAPSI. For (CH 3 
The enthalpies of decomposition, D d H, for all analogues and decomposition pathways are provided in Table 1 . All compounds showed positive enthalpies of decomposition across all decomposition routes, indicating that they should be stable with respect to phase separation. This is in contrast to MAPI, for which theoretical and experimental results suggest spontaneous decomposition into CH 3 NH 3 I and PbI 2 is favourable.
20-22

Electronic properties
The fundamental direct and indirect band gaps for all analogues, calculated using HSE06 + SOC, are provided in Table  2 . We note that, based on previous theoretical investigations into MAPSI demonstrating that the HSE06 + SOC band gap is $0.3 eV smaller than the reported optical gap, the calculated band gaps for all analogues are likely to be underestimated relative to the room temperature optical gaps. 22, 36 Unlike in MAPSI, where the fundamental band gap is direct, most of the analogues possess slightly indirect gaps. However, the difference between direct and indirect transitions is small-between 10-40 meV-and should therefore have a limited effect on the strength of optical absorption.
4
The magnitude of the band gaps appears to be controlled mainly by the X site anion: as the halide changes moving down group 17, the band gap narrows from $3.0 eV (Cl) to $2.4 eV (Br) and $1.8 eV (I). In MAPSI, the valence band maximum (VBM) is composed almost entirely of halide p states with some pseudohalide contributions, whereas the conduction band is dominated by Pb p states. 22 As such, the valence band composition appears to control the band gap reduction down the series, in line with the binding energy of the halide p orbitals. The pseudohalide also has a small effect on the band gap, with the cyanate analogues in general showing larger band gaps than their thiocyanate and selenocyanate counterparts. Additionally, the tin analogues possess band gaps an average of 0.40 eV smaller than the corresponding lead compounds, reecting the increase in binding energy of the lead 6s orbitals, which are stabilised due to relativistic contraction of the s shell, and act to lower the valence band maximum. However, the trends seen across both the pseudohalides and metals are not observed in the band gaps of the iodides, which show little correlation to composition. Of the complete set of analogues, the iodides all possess direct band gaps suitable for photovoltaic top cells (1.69-1.92 eV), when considering the likely underestimation of the HSE06 + SOC results.
The effect of spin-orbit coupling on the band structures was tested, with the full results provided in Table S1 of the ESI. † The To illustrate the effect of the halide on electronic properties, the band structures for a selection of the lead and tin cyanate analogues-namely (CH 3 NH 3 ) 2 M(OCN) 2 X 2 where X ¼ Cl and I, and M ¼ Pb and Sn-are given in Fig. 2 (the full set of band structures for each composition can be found in Fig. S2 and S3 of the ESI †). The reduction in band gap going down group 17 can be seen clearly, with the width of the conduction and valence bands staying relatively constant across all compositions. The VBM in both the lead and tin chlorides is found at the R point ( -0.5,0.5,0.5). When moving to the bromides and iodides, the VBM is shied slightly to the side of the R or U To demonstrate the role of the pseudohalide on electronic properties, the band structures for a selection of the tin bromide and iodide analogues-(CH 3 NH 3 ) 2 Sn(Ps) 2 X 2 where Ps ¼ OCN and SeCN, and X ¼ Br and I-are given in Fig. 3 . Moving down Table 2 Electronic properties of (CH 3 NH 3 ) 2 MPs 2 X 2 , where M ¼ Sn, Pb; Ps ¼ OCN, SCN, SeCN; and X ¼ Cl, Br, I, calculated using HSE06 + SOC. Indirect and direct band gaps denoted by E ind g and E dir g , respectively. Hole and electron effective masses are given by m h and m e , and the dielectric constant is indicated by 3 r . IP and EA stand for ionisation potential and electron affinity, respectively. t and k indicate properties perpendicular and parallel to the 2D perovskite sheets, respectively the pseudohalides, the primary difference in the band structures is a dramatic reduction in the valence bandwidth, with the conduction band also affected to a lesser extent. This effect is particularly apparent in the chlorides and bromides but is considerably reduced in the iodides. The in-plane hole effective masses are also strongly affected by the choice of pseudohalide, with OCN generally resulting in masses around twice as heavy as those seen in the SCN and SeCN analogues. The anisotropy of the Rashba splitting in the conduction band is affected considerably more by the pseudohalides than the halides, with the lopsided spin-split pockets seen in the cyanates becoming more symmetrical in the thiocyanates and selenocyanates. As the conduction band is composed of metal p states, this asymmetry is likely due to distortion of the local symmetry around the metal site. Indeed, analysis of the crystal structures reveals that OCN incorporation leads to greater off-centring of the metal cation within the MX 4 Ps 2 octahedra than SCN and SeCN. This distortion can be attributed to the formation of a stereochemically active lone-pair of electrons on the Sn (5s 2 ) or Pb (6s 2 ) sites, the activity of which, according the revised lone-pair model, will be strongest for OCN and weaker for SCN and SeCN.
73,74
Taken together, these results reveal a particular pattern: for the chlorides and bromides, moving down the pseudohalides results in reduced band gaps and considerably narrower valence bandwidths. In the iodides, however, these trends are not obeyed and, in some cases, are even reversed. This discrepancy can be explained through analysis of the relative energies of the halide and pseudohalide p orbitals. For the pseudohalides, the chalcogenide p orbitals are of primary concern considering their direct bonding to the metal cation. In the cyanates, the O p orbitals are found $1-2 eV below the VBM, resulting in an upper valence band composed predominately of halide p and metal s states (Fig. 4a) . The effective masses, valence bandwidths and band gaps of the cyanates are therefore controlled by the halide, with smaller effective masses seen in the iodides than the chlorides and bromides due to greater localisation of the Cl 3p and Br 4p orbitals. In the thiocyanates and selenocyanates, the chalogen p states (10.4 eV and 9.8 eV for the S 3p and Se 4p, respectively) 75 are higher in energy the chloride and bromide p states (ionisation potential ¼ 13.0 eV and 11.8 eV, respectively), 75 such that they dominate the valence band maximum, resulting in reduced dispersion and bandwidth due to their greater localisation (Fig. 4b) . However, in the iodides, the binding energy of the I 5p orbitals (10.4 eV) 75 is sufficiently high in energy that it can hybridise with the S and Se p states, thereby maintaining a consistent band gap across the pseudohalides, with only limited reduction in the valence bandwidth.
The dielectric constants for the full range of analogues, calculated using PBEsol, are provided in Table 2 . In general, the dielectric constants for the direction perpendicular to the perovskite sheets are smaller and show less variation (3 
Band alignments
Close band alignment of the absorber layer with hole and electron contact materials is essential to achieve optimal efficiencies in functioning solar devices. 4 The ionisation potential (the energy gap between the valence band maximum and the vacuum level) and electron affinity (the energy gap between the conduction band minimum and the vacuum level) of a compound will also play a role in determining its dopabilitya measure of the ease of n or p type doping. 78 Across MAPSI and its analogues, the electron affinity (EA) shows signicantly less variation than the ionisation potential (IP) (Fig. 5 ). As such, the position of the valence band maximum, and, therefore, the choice of halide, is the primary factor controlling the magnitude of the band gap. As expected based on our previous bonding analysis, the ionisation potential and electron affinity stay more or less constant when comparing equivalent (i.e. those with the same halide and metal composition) SCN and SeCN analogues. The EA and IP of the lead analogues are slightly larger than their tin counterparts, reecting the greater stability of the Pb s and p states due to enhanced relativistic effects. The larger IP of the lead compounds is expected to confer a greater resistance to oxidation, whereas the larger EA should allow for increased ease of n-type doping, relative to the tin analogues.
The calculated ionisation potential of MAPSI (5.6 eV) shows excellent agreement with experimental results (5.7 eV). 33 As expected due to the similarities in valence band composition, the ionisation potential of MAPSI is close to that of MAPI (5.5-5.7 eV). 2, 79 This suggests that devices containing the lead iodide analogues should perform favourably with spiro-OMeTAD (IP ¼ 5.2 eV), 2 the most commonly used hole transporting layer in MAPI devices. Furthermore, the electron affinity of the lead iodide analogues (3.7-3.9 eV) allows for an efficient match with uorine-doped tin oxide (FTO, EA ¼ 4.4 eV), 80 a readily available and relatively cheap transparent conducting oxide.
Intrinsic defects
Whether a material will possess intrinsic p-or n-type conductivity depends on the presence of defects in the system. As such, the defect properties play a crucial role in determining how a photovoltaic absorber will perform in practice. We have therefore examined a range of intrinsic donor and acceptor vacancy defects in MAPSI and its analogues, comprising two halide vacancies (one for each symmetry inequivalent iodine site), V 1 I and V 2 I , a pseudohalide vacancy, V SCN , a methylammonium vacancy, V MA , and a metal vacancy, V Pb . The chargestate transition level diagram of MAPSI, calculated using PBEsol, is displayed in Fig. 6a .
Of the two V I defects, one possesses a very shallow 0/+1 transition level 0.01 eV below the CBM, whereas the other shows a slightly less shallow transition state 0.15 eV below the CBM. The donor defect, V SCN , is also completely resonant in the conduction band. Of the acceptor defects, V MA is resonant in the valence band, highlighting the highly ionic nature of the MA + cation. V Pb on the other hand shows a relatively shallow À1/ 0 transition state 0.11 eV above the valence band but an ultradeep À2/À1 transition state 0.52 eV below the CBM that may act as a recombination centre. We note that while our prediction of shallow transition levels for the V I , V SCN , and V MA defects is in qualitative agreement with previous reports in the literature, our identication of an ultradeep V Pb À2/À1 transition level is at variance to the results of Xiao et al. who instead found this transition level 0.44 eV above the VBM. 40 This discrepancy may result from several factors including the larger supercell size used in our calculations (450 versus 400 atoms), our tighter geometry relaxation criterion (0.01 eVÅ À1 versus 0.05 eVÅ À1 ), or the difference in functional (PBEsol versus PBE). Upon moving to other pseudohalides, the defect chemistry remains almost unchanged, as evidenced by the charge-state transition level diagram of MA 2 Pb(OCN) 2 I 2 shown in Fig. 6b (the transition level diagrams for all iodide analogues are provided in Fig. S4 
Conclusion
We have demonstrated, using relativistic density functional theory, that the electronic properties of MAPSI can be tuned through incorporation of different halides, pseudohalides and metal cations. All compounds in the series (CH 3 NH 3 ) 2 MPs 2 X 2 , where M ¼ Pb, Sn; Ps ¼ OCN, SCN, SeCN; and X ¼ Cl, Br, I, retain the orthorhombic structural motif of MAPSI and possess close-to-direct band gaps, controlled largely by the choice of halide. Similar to MAPSI, all analogues were found to be stable with respect to phase separation. Furthermore, band alignments indicate favourable matching with hole and electron contact materials commonly used in the production of MAPI based solar cells. The iodide analogues, due to their suitable band gaps and relatively large dielectric constants, show promise for the future of all perovskite tandem devices. In particular, the possibility of lead-free MAPSI analogues presents an exciting prospect due to concerns over the toxicity of lead in the hybrid-halide perovskites, and we therefore welcome experimental verication of our results.
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